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ABSTRACT
Local Air Leakage Measurement and CFD analysis of deformed ducts in residential
HVAC ducts.
by
Dhandapani Selvaraj
Dr. Samir Moujaes, Examination Committee Chair 
Professor, Mechanieal Engineering 
University o f Nevada, Las Vegas
The experimental work focuses on a new technique that is developed to identify and 
quantify the local air leakage rates in residential HVAC ducts. The technique is based on 
duct pressurization test (ANSEASHRAE standard 152/2004) along with a zone bag to 
create artificial restrictions. The experiments were conducted at the Air Duct Leakage 
Laboratory (ADLL).ADLL, which was solely built for conducting experiments on air 
duct leakage has two duct systems with different configurations. The technique was 
validated by comparing the results o f the new technique with a baseline technique 
developed at ADEL .In addition, the technique was evaluated with the existing and most 
commonly used techniques like Duct pressurization and Delta Q techniques for total air 
leakage measurement. This report includes the experimental work and the results o f the 
new technique that was developed at ADEL. The results showed that the developed 
technique gives a good estimation of local and total leakages.
On the Computational Fluid Dynamics analysis part, models were created to simulate 
fluid flow in ducts that are deformed due to constrictions during installations.Four
iii
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different duct runs with deformations were modeled that are observed in residential 
HVAC ducts. Reynolds numbers are varied to simulate a variety o f flow conditions. The 
computer code was used to produce pressure drop data along the deformation of the duct. 
Pressure loss coefficients for the deformed and non deformed duct runs were calculated 
from the predicted pressure drop data. The results showed that there was a decrease in the 
pressure loss coefficient as the Reynolds number increased. Also there was a increase in 
pressure drop coefficients for deformed ducts over the non deformed ducts for the same 
Reynolds number. The pressure loss coefficient also decreased when the amount o f flow 
in the branch as a percentage of inlet flow was altered to increase. A correlation as a 
function o f Reynolds number and the percentage o f air flow is introduced to obtain the 
pressure loss coefficients in a wye fitting.
IV
R e p r o d u c e d  with p e r m is s io n  o f  t h e  co p y r ig h t  o w n e r .  F u r t h e r  r e p r o d u c t io n  p ro h ib i ted  w i th o u t  p e rm is s io n .
TABLE OF CONTENTS
ABSTRACT................................................................................................................................. iii
LIST OF FIGURES................................................................................................................... vii
ACKNOWLEDGEMENTS....................................................................................................... ix
CHAPTER 1 LITERATURE REVIEW .................................................................................... I
CHAPTER 2 INTRODUCTION AND BACKGROUND......................................................3
2.1 Background.........................................................................................................................3
2 .1.1 Air Conditioning System s......................................................................................... 3
2.1.2 Losses in HVAC Systems...........................................................................................4
2.1.3 Causes of Duet Leakage.............................................................................................5
2.1.4 Effects o f Duet Leakage.............................................................................................5
2.1.5 Leakage Measurement Techniques.......................................................................... 5
2 .1.5.1 Duct Pressurization Test..................................................................................6
2.1.5.2 Nulling Test...................................................................................................... 6
2.1.5.3 Delta Q Test...................................................................................................... 7
2.1.5.4 Pressure Pan Technique...................................................................................7
2.2 Significance of the Research...................................   8
2.3 Air Duct Leakage Laboratory.......................................................................................... 9
CHAPTER 3 EXPERIMENTAL DETERMINATION OF LOCAL AIR LEAKAGE ... 12
3.1 Zone Bag Based Technique (ZBT)................................................................................ 12
3.1.1 Flow and Pressure Relationship for Z B T .........................................  13
3.1.2 Zone Bag Assembly...................................................................................................15
3.1.3 Test Procedure........................................................................................................... 16
3.1.4 Scopes......................................................................................................................... 19
3.2 Baseline.........................................................................................................................   20
CHAPTER 4 CFD MODELLING OF DUCT DEFORMATIONS USING STAR-CD.. 21
4.1 ST A R -C D ........................................................................................................................21
4.2 Model Description...........................................................................................................22
CHAPTER 5 RESULTS AND DISCUSSION.................................   28
5.1 Experimental Test Results..............................................................................................28
5.2 CFD Simulation Results.................................................................................................33
5.2.1 Grid Independency Results...................................................................................... 34
5.2.2 Prediction o f Pressure Loss Coefficients............................................................... 35
R e p r o d u c e d  with p e r m is s io n  o f  t h e  c o p y r ig h t  o w n e r .  F u r t h e r  r e p r o d u c t io n  p ro h ib i ted  w i th o u t  p e rm is s io n .
5.2.2.1 Duct with Straight Run..................................................................................36
5.2.2.2 Duct with U Shaped R un.............................................................................. 39
5.2.23 Duct Run through Wye Fitting.................  42
5.2.2.4 Sagging Ducts...............................................................................................48
5.2.3 Correlation to Determine Pressure Loss Coefficients in Wye Fitting..............50
CHAPTER 6 CONCLUSIONS................................................................................................55
6.1 Experimental W ork..........................................................................................................55
6.2 CFD Simulations.............................................................................................................. 56
REFERENCES.............................................................................. i........................................... 58
VITA.............................................................................................................................................62
VI
R e p r o d u c e d  with p e r m is s io n  o f  t h e  c o p y r ig h t  o w n e r .  F u r t h e r  r e p r o d u c t io n  p ro h ib i ted  w i th o u t  p e rm is s io n .
LIST OF FIGURES
Figure 2 .1 Air Duct Leakage Laboratory................................................................................... 9
Figure 2.2 Soffits for configuration I and II respectively......................................................10
Figure 2.3 Floor plan o f the test facility.................................................................................. 11
Figure 3.1 ZBT: Two main sections separated by the zone bag........................................... 13
Figure 3.2 Zone bag assembly..................   16
Figure 3.3 Potential sequence o f tests applied on ADSI........................................................ 18
Figure 3.4 Potential sequence of tests applied on A D SII...................................................... 19
Figure 4 .1 Straight duct ru n ...................................................................................................... 24
Figure 4.2 Duct with U shaped run   ............................................................................. 24
Figure 4.3 Duct run with wye fitting............................................ . ........................................25
Figure 4.4 Straight ducts with sag.............................................. ... ......................................... 25
Figure 4.5 Model with trimmed cell volume mesh for simulation...................................... 26
Figure 5.1 Leak hole in the supply plenum............................................................................. 29
Figure 5.2 Comparison o f known total supply leakages from holes with those measured
by investigated techniques applied on ADSII.............................  32
Figure 5.3 Grid independency tests on Y component of velocity.........................................34
Figure 5.4 Pressure distributions along the length o f the non deformed straight duc t 37
Figure 5.5 Pressure distributions along the length o f the deformed straight duct............. 37
Figure 5.6 Pressure loss coefficients for non deformed and deformed ducts with straight
ru n ............................................................................................................................. 38
Figure 5.7 Pressure distributions in non deformed U duct run .............................................40
Figure 5.8 Velocity profile for non deformed U duet run......................................................40
Figure 5.9 Pressure distribution in U duct run( deformed)................................................... 41
Figure 5.10 Velocity profile for U duct run (deformed)........................................................41
Figure 5. II  Pressure loss coefficients for non deformed and deformed ducts with U
shaped ru n ................................................................................................................ 42
Figure 5.12 Pressure distributions in non deformed duct run with wye fitting..................44
Figure 5.13 Velocity profile for non deformed duct run with wye fitting.......................... 44
Figure 5.14 Pressure distribution in deformed duct run with wye fitting............................45
Figure 5.15 Velocity profile for deformed duct run with wye fitting.....................   45
Figure 5.16 Pressure loss coefficients for different Reynolds numbers and different
amount o f flow for deformed and non deformed duct runs with wye fitting in
branch B ................................................................................................................... 46
Figure 5.17 Pressure loss coefficients for different Reynolds numbers and different
amount of flow for deformed and non deformed duct run with wye fitting in
branch C ................................................................................................................... 47
Figure 5.18 Pressure distributions for standard allowable sag (1/2 “ per foot) in duc t.... 48
Figure 5.19 Velocity profile for standard allowable sag in ducts.........................................48
Figure 5.20 Pressure distributions due to sagging ducts........................................................49
Vll
R e p r o d u c e d  with p e r m is s io n  o f  t h e  co p y r ig h t  o w n e r .  F u r t h e r  r e p r o d u c t io n  p ro h ib i ted  w i th o u t  p e rm is s io n .
Figure 5.21 Velocity profile for sagging ducts......................................................................49
Figure 5.22 Pressure loss coefficients for sagging ducts...................................................... 50
Figure 5.23 Pressure distributions in the wye fitting (SR 0.5)............................................. 51
Figure 5.24 Velocity profile of the flow in the wye fitting (SR 0.5).................................. 52
Figure 5.25 Pressure loss coefficients for branch B of wye fitting..................................... 52
Figure 5.26 Pressure loss coefficients for branch C of wye fitting..................................... 53
V lll
R e p r o d u c e d  with p e r m is s io n  o f  t h e  co p y r ig h t  o w n e r .  F u r t h e r  r e p r o d u c t io n  p ro h ib i ted  w i th o u t  p e rm is s io n .
ACKNOWLEDGEMENTS 
I would like to sincerely thank Dr.Samir Moujaes, advisor and committee chair, for 
guiding me throughout my course work. He has been a valuable source o f knowledge 
making himself available for all the questions I had. His ideas and opinions were o f great 
help in completing my thesis. I would also like to thank Dr.Mohamed Trabia, Dr.Nabil 
Nassif and Dr.Yahia Baghzouz for having accepted to be a part my thesis committee. I 
would like to make a special mention about Dr .Nassif for his hardwork and dedication on 
this project. Thanks are due to Professor Ken Teeters for his valuable suggestions in 
finalizing the models for my thesis work.
I would like to thank my parents and my family members who are a constant source 
of energy boosters in my life. I would like to extend my thanks to all my friends and my 
room mates who helped me succeed in this endeavor .Special thanks to Ashok Kumar 
Ayyaswamy for helping me in creating the CAD design o f my models.
IX
R e p r o d u c e d  with p e r m is s io n  o f  t h e  co p y r ig h t  o w n e r .  F u r t h e r  r e p r o d u c t io n  p ro h ib i ted  w i th o u t  p e rm is s io n .
CHAPTER 1
LITERATURE REVIEW 
Duct leakage in foreed-air distribution systems has a significant impact on the energy 
consumed in residential buildings (Jump et al. 1996, Siegel et al. 1998, Davis et al. 1998, 
Walker et al. 1998, Siegel et al. 2003 and Francisco et al. 2002a, 2002b, 2003). It is a 
common practice to place the ducts outside the conditioned space in a large portion o f US 
homes. This can result in significant loss o f energy by leakage to the outside on the 
supply side and the infiltration o f unconditioned air into the system on the return side, 
both of which are undesired effects for the duct system and the house occupants.
Field studies have shown that existing residential systems can typically lose up to 
40% of the total supply air in the form of duct leakage (Jump et al. 1996; Cummings et al. 
1990; Downey and Proctor 1994). As ducts are often outside the conditioned space, this 
leakage corresponds to a proportionate amount o f energy loss from the duct system which 
could have been used to heat or cool the conditioned space (Sherman et al 2000). There 
are also comfort, humidity and indoor air quality problems associated with return leaks 
drawing air from outside or unconditioned spaces within the structure (Francisco et al 
2002 and Francisco et al 2003). In addition, a system with more supply than return 
leakage causes increased infiltration which must be conditioned (Sherman et al 
2000).Experimental studies indicate that the cooling capacity and coefficient of 
performance of the air conditioning system decreases in increase with return air
1
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leakage(Dennis et al 2002). These energy and comfort issues demand from the 
researchers to come up with a feasible/cost effective method to reduce the duct leakage in 
HVAC systems.
Some of the current leakage measurement techniques are duct pressurization method 
(ANSI/ASHRAE standard 152-2004) in which the registers are closed and the system is 
maintained with a constant pressure and the leak flow is measured using the duct blaster 
fan; Delta Q method (Walker et al,2001), in which the blower door is used to vary the 
pressure in the system thus varying the leaks by pressurizing and depressurizing the 
system over a range of test pressures; Nulling test method (Francisco et al,2001) in which 
the pressure in the building was measured initially when the fan is off and when the fan is 
turned on the blower door is adjusted to reaeh the pressure when the system fan was off, 
thus the difference in flow rates indicating the unbalanced duct leakage. All the above 
mentioned methods measure only the total duct leakage irrespective o f where the leaks 
are located along the air ducts.
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CHAPTER 2
INTRODUCTION AND BACKGROUND
2.1 Background
2.1.1 Air Conditioning Systems 
An air conditioning system provides an indoor environment that remains relatively 
eonstant in a range preferred by the occupants despite changes in external weather 
eonditions or internal heat loads. Temperature and humidity are the important factors that 
control the conditioning of a system. A typical residential system includes 1) a heating or 
cooling unit, 2) accessory equipment, 3) supply and return duct work, 4) supply and 
return registers and grilles and 5) controls.
Three types of forced air- heating and cooling devices are furnaces (heating), air 
conditioners (cooling) and heat pumps (both heating and cooling). Furnaces are the basic 
component o f forced air heating systems. They are augmented with an air conditioning 
coil when cooling is included, and are manufactured to use specific fuels such as oil, 
natural gas, or liquefied petroleum gas. Common air conditioning systems use a split 
configuration with an air handling unit, such as furnace. The air -conditioning evaporator 
coil is installed on the discharge air side o f the air handler. The compressor and 
condensing coil are located usually outside the structure, and copper refrigerant lines 
connect the outdoor and indoor units. The heat pump cools and heats using the 
refrigeration cycle and is available in a split or packaged configurations. Generally, the
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air source heat pump requires supplemental heating; therefore, electric heating elements 
are usually included with the heat pump as part of the forced-air system.
Forced-air systems may be equipped to humidify and dehumidify the indoor 
environment, remove contaminants from recirculated air, and provide circulation o f 
outside air in economizer operation. Some o f the accessory equipments that are used are 
humidifiers, dehumidifiers and economizer control. Ducts are placed usually in attics or 
crawl spaces. A supply duct distributes the air from the air-handier unit to different 
locations of the building through supply registers. The return duet carries the hot/cold air 
to the air handler through return grille. In forced-air heating and cooling systems simple 
on/off cycling o f central equipment is frequently adequate to maintain comfort. 
Temperature control is the primary consideration in forced- air control systems and may 
be accomplished by a single- stage thermostat.
2.1.2 Losses in HVAC Systems
Ducts are placed usually in crawl spaces and attics and other places outside the heated 
or cooled parts of the house. Ducts in these locations not only leak air to and from 
outside, but any heat lost through the walls o f the duct (by heat conduction) is also lost to 
outside instead of heating and cooling the house. Systems with high leakage rates will not 
supply sufficient heating or cooling to rooms in the house located far from the lumace or 
air conditioner, making these rooms uncomfortable for the occupants. Also air leakage 
from the conditioned space to the unconditioned space and the installation outside the 
heated and cooled parts of the house has the potential for significant energy losses. Duct 
work and HVAC equipment location, size, length, surface area, insulation level and air
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leakage rates all affect systems’ ability to maintain thermal comfort and optimize energy 
efficiency (Modéra 1989).
2.1.3 Causes of Duct Leakage
Duet systems are usually constructed of many intereonneeted duct sections, and the 
junctions between sections are often locations o f air leakage. More stable and permanent 
sealing materials are needed, such as mastic, duct manufacturer approved foil tape and 
fiberglass tape (Modéra et al. 1996). Duct leakage often results from improper 
installation such as loose fitting joints, sagging duets due to inadequate supports, ducts 
having contact with metal fixtures and detached terminal connections. Duct tape, which is 
commonly used, does not adequately seal joints between ducts over the system’s life 
(Sherman et al. 2000).
2.1.4 Effects o f Duct Leakage
Leaky return ducts can draw air out of unconditioned spaces that are hotter or colder 
than the return air, thus increasing loads on heating and cooling systems. This problem is 
most pronounced in attics where, during summer, air temperature can be 150 F or higher. 
Even when furnaces or air conditioners are not operating, leaky ducts waste energy by 
contributing to the overall air leakage of a house. Leaky ducts in unconditioned spaces 
also can introduce air home pollutants, moisture and unpleasant odors into homes, thus 
reducing indoor air quality.
2.1.5 Leakage Measurement Techniques
Air leakage measurement techniques are used to find how tight the duct system in 
meeting the specified design conditions is. The measurement techniques that are currently
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available to measure the total air leakage in the duct system and leakage from the 
envelope. Some of the methods that are a used widely are presented here.
2.1.5.1 Duct Pressurization Test
The duct pressurization test is one o f the oldest and widely used duct leakage 
estimation techniques which is a part o f ANSI/ASHRAE standard 152-2004.It is based 
on the idea that with the registers and grills kept closed, any flow through the calibrated 
fan flow will be released through leaks in the duet. For this method a duct blaster fan is 
connected to the air handler or supply or return register. The registers are then sealed off 
using duet masks.
The duct blaster fan is then turned on and a pressure of 25 Pa is maintained in the 
system. Now, the flow measured using the duet blaster fan will be noted as the leak flow 
of the actual system. This test can be conducted at multiple test pressures to enhance the 
accuracy. The pressure is assumed to be uniform throughout the duct and this is the main 
disadvantage o f this method since it does not give any indication of the leakage at 
operating conditions.
2 .1.5.2 Nulling Test
The Nulling test has two different parts. The first part measures the unbalanced 
leakage and the second part measures the supply side leakage. Initially the pressure in the 
building is measured when the system fan is off, then the fan is turned on and blower 
door is mounted on the doorway and adjusted to reaeh the pressure when the system fan 
was off. The flow rate measured gives the unbalanced duet leakage. The return duet is 
isolated from the air handler and the same procedure is followed to find the system
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supply leakage. The difference from the supply side leakage and the unbalanced leakage 
gives the return leakage (Francisco, P. W., Palm iter, L.S, 2001).
2.1.5.3 Delta Q Test
The Delta Q technique is based on the standard envelope tightness measurement 
technique. Here the leakage to outside at operational eonditions is determined by keeping 
the air handler fan on and off ,thus giving the difference in envelope flow delta Q. The 
blower door is used to vary the pressure in the system thus varying the leaks by 
pressurizing and depressurizing the system over a range of test pressures. The Delta Q 
model is given by (Walker et al, 2001).
Ag(Af) = & 1 + AP 1 AP
AP
+
r /
^A P ^”'
(2 1)
where
AP^  is the characteristic pressure difference between supply and house 
A7^  is the characteristic pressure difference between house and return 
is the supply leakage flow 
is the return leakage flow 
The equations are based on the assumption that the pressure difference between the ducts 
and the house remains constant throughout the test.
2.1.5.4 Pressure Pan Technique 
Pressure pan technique was used to identify patterns of pressure fields inside wall 
cavities to prioritize duct sealing effect .Pressure pan is nothing but a cake pan attached 
with a handle, a pressure tap and gasket material around the lip. For this technique the
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house was set up for a blower door test and the registers were kept open.The blower door 
was then operated to maintain 50 Pa pressure differential between inside and outside. 
Then the registers were closed one at a time and the readings were noted. A high pressure 
in the pressure pan indicated that a significant amount of leakage was from that particular 
register. This test procedure assumes that a substantial portion of the duet system is 
outside the conditioned space (Davis et al, 1993).
2.2 Significance of the Research
Several methods for estimating duct leakage have been used in the past with varying 
degrees of accuracy. All of these techniques however focus on determining the total 
supply and return leakages irrespective of where the leaks are located along the air ducts. 
The location and nature of the leak may be particularly important for selecting an 
appropriate method to mitigate some of these leaks more cost effectively. Therefore, a 
technique that measures simultaneously the “local” and “total” leakages may be a good 
means o f targeting resources on leaky homes and also to focus efforts on portions of 
ducts that have the worst problems.
The second portion of this research deals with performing a CFD (Computational 
fluid dynamics) analysis which has emerged as a powerful simulation technique that 
gives the details about the fluid flow and heat transfer o f a given system with reasonable 
accuracy. It is a cost effective way to know the physics o f any problem that is considered 
difficult or expensive. However, the study on ducts and HVAC systems using CFD has 
not been very progressive. Hence the present CFD study of comparing the fluid flow in
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non deformed and deformed duets will add to the literature and potential physical insight 
in this area. The objectives o f this research are
1. To develop an experimental technique for estimating the local and total leakage in
a duct system.
2. To perform numerical simulations on the ducts to estimate the pressure drop along
the duct due to various kinds o f commonly observed deformations in the field . 
The objectives were achieved by incorporating the following steps
1. Established an experimental facility Air Duct Leakage Laboratory (ADEL)
2. Established a baseline for validation of experimental technique
3. Developed an experimental field method for locating leaks and quantifying their 
leakage rates.
4. Used CFD modeling to simulate pressure drop due to deformations in different 
runs of the duct and compare them with the baseline values o f the ideally installed 
ducts.
2.3 Air Duct Leakage Laboratory
Figure 2.1 Air Duet Leakage Laboratory
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The main objective of the research is to focus on the duct leaks in residential air 
distribution systems. Therefore, Air Duct Leakage Laboratory (ADLL) has been 
established to resemble the real tract homes in Las Vegas area. The available area o f the 
building was divided into three zones and partitioned using drywalls. Doors were placed 
along the partition to have access to all zones and isolate a zone if  required.
Figure 2.2 Soffits for configuration I and II respectively
Return grilles (18” x 18”) for air were placed on the doors. Two soffits were built along 
the east and west wall o f the building. The soffits are vented to the outside to simulate a 
real attic ventilation system.
Two HVAC units, one in the northwest comer and the other in the east side were 
installed. The heat pumps are air source split systems. The duct work of the air handler in 
northwest comer mns along the west wall. The duct branches out to four supply registers 
through three Y connections. The second air handler is placed in the middle of the room 
and the duct configuration is symmetrical; The duet work mns along the east wall 
supplying air through four supply registers with just one sheet metal Y connection. The 
specifications o f the air handler and the heat pump are listed below.
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Figure 2.3 Floor plan o f the test facility
Table 2.1 Specifications: Air handler and heat pump
Air handler Specifications Heat pump Specifications
Size 1.5 ton single phase 
unit
Compressor type Scroll
CFM (Nominal) 800 Refrigerant Puron
Energy Efficiency 13 SEER / 11.5 
EER/7.9-8.5 HSPF
Air quantity 2614 cfin
ADLL is equipped with versatile features which facilitate the testing for any standard 
techniques and proposed techniques that are to be tested. (Gundavelli.R, 2007)
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CHAPTER 3
EXPERIMENTAL DETERMINATION OF LOCAL AIR LEAKAGE 
Several previous research works have been foeused on the measurement o f total air 
leakage o f the system. While measuring for the total leakage a single static pressure is 
assumed, however, the pressure along the length o f the duct varies significantly. The aim 
of this work is to identify the leak locations and to quantify the leak rate from each of 
these locations by creating an artificial restriction along the path o f the duct flow. The 
flow pressure relationship is an important eharaeteristic in duct flows. Therefore by 
ereating a restriction in the flow and varying the pressure would faeilitate the 
identification o f the leak locations and quantify the leakage rate from each location.
3.1 Zone Bag Based Technique (ZBT)
The proposed measurement technique for estimating the total and local duct leakage 
was based on the duct pressurization technique in which the duct system was pressurized 
by using a ealibrated fan while all registers were sealed. It includes a zone bag that 
creates an artificial restriction inside the duct and consequently different levels o f leak 
pressures and flows. Therefore this technique will be referred as Zone bag Based 
Technique (ZBT).The test procedure for the proposed teehnique will be discussed in 
detail in this ehapter.
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3.1.1 Flow and Pressure Relationship for ZBT 
The Zone Bag based Technique (ZBT) proposed “local” leakage estimation is based 
on creating restriction and breaking up the duct system into sections using zone bags. 
When the zone bag is inflated partially for this purpose a high pressure and low pressure 
zone is created in the duct system. So ,it is important to know the flow and pressure 
relationship that are derived for Zone Bag based Technique which may lead to a better 
understanding of the test procedure.
Zone Bag
Supply
Plenum
Colibtated.
fanCover I Probe 
Bloeked register
High pressure 
Low pressure
Figure 3.1 ZBT: Two main seetions separated by the zone bag
The proposed technique uses a calibrated fan to pressurize the duet system to a 
specific pressure with the registers sealed off, similar to the duct pressurization test. The 
fan is placed either at the air handler cabinet or at any appropriate return supply or return 
register. The zone bag is placed inside the duct from an accessible removed register to 
create an artificial restriction and then resulting different level o f leak pressure and flows. 
The pressure pan covers the duct instead of the removed register to maintain the duct 
enclosed. By inflating the zone bag by a small portable compressor, two levels of
13
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pressures inside the duct will be created: (i) high pressure section H and (ii) low pressure 
section L, as shown in Figure 3.1. The flow through the calibrated fan before and after 
using zone bag is related to the leak flows in these seetions (H and L) as follows:
Qfi=QH + Qi (3-1)
Qfi ~ Qh + Ql
V J
(3.2)
Where
Q fi = Air flow rate through the ealibrated fan before inserting the zone bag ZB
Qf2 = Air flow rate through the calibrated fan after inserting and inflating the ZB
Q h  = Leakage in section H (upstream of ZB) corresponding to pressure (A P sh )  of
25Pa
Q l = Leakages in section L (downstream of ZB) corresponding to pressure A P s li  
A P sli = Pressure difference between the section L o f duct and house before inserting 
the ZB
AFsl2 = Pressure difference between the section L o f duct and house after inflating the 
ZB
n -  Pressure exponent
Using Equations 1 and 2, the leakage in sections L and H (Ql and Qh) can be calculated 
as follows:
Ql = (Q „-Q ,2} -C F  (3.3)
Q „ = Q „ - Q l (3.4)
where
CF = Correction factor given by the following equation:
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The pressure exponent n is assumed to be 0.6. This value has been found to be a 
reasonable approximation in a variety of studies based on fan pressurization tests 
(Francisco et al 2002b). It is noted that the pressure before inserting the zone bag A P sli 
is elose to 25 Pa, depending on pressure drop in the duet due to leakage flow. The 
pressure APsl2 is also measured at the same location but after inflating the zone bag 
(Figure 3.4) and maintaining the pressure difference in section L always at the same 
pressure, e.g. 25 Pa (target pressure) by varying the flow through the calibrated fan. The 
pressure difference APsh does not appear in the equations as its value is 25 Pa.
Inflating the ZB more would create a higher restriction in the duet and a lower 
pressure on the L side o f the duct and a higher pressure on the H side. If the ZB is 
inflated too much to block completely the duct, the pressure in section L will be zero. 
Since the pressure in section H is increased, the flow through the calibrated fan should be 
reduced to maintain the target pressure in section H at the original pressure (25 Pa). The 
reduction o f the flow will be equal to the leak flow in section L if the zone bag 
completely blocks the duct. However, since it is not necessary to block completely the 
duet, the leakage in the location L, in this case, will be higher than the actual reduction in 
fan flow rate and can be accounted for using a correction factor CF from Equation 5.
3.1.2 Zone Bag Assembly 
Since the zone bag is placed inside the duct by opening a register to create an 
artificial restriction, a pressure pan is used to cover the duet instead of the removed 
register to maintain the duct to be enclosed. The pressure pan is nothing but a shallow
15
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pan with a pressure tap in the middle with gasketed edges. The pressure tap is used to 
measure the pressure in the zone after the zone bag is inflated. A hulk head fitting is 
made at the centre o f the pressure pan to slide the PVC hose that is connected to the zone 
hag to the required location.
Provision to insert 
pressure hose tap
Pressure pan
Bulk head fitting 
Zone hag
Gasketed edges
Figure 3.2 Zone bag assembly
3.1.3 Test Procedure
The test procedure o f the Zone Bag based Technique (ZBT) is a combination o f two 
main tests. The first test is the standard duct pressurization test that is part of ASHRAE 
standard 152P. It uses a calibrated fan to pressurize the duct to the required pressure. The 
calibrated fan could be attached at the register closest to the air-handier for pressurizing 
the supply side or at the closest return grill for pressuring the return side. It may also he 
attached at the air handler to pressurize either the supply or return side. In any case, a 
physical harrier should be placed between supply and return plenums to separate the
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supply side from return side. This test is called Testo since it is considered as a screening 
or reference test. The pressure difference between the low pressure section of the duct 
and the house (A P sl i) , and the total flow (Qn) as an estimation o f total leakage is 
observed that will be used for accurate local leakage estimation used in the Zone Bag 
Tests.
Zone Bag Test is used to determine the local leakage rate. It consists o f a set o f tests 
Testi, Test2... and Testn. The total number of tests is greater by one (i.e. n+1) than the 
locations considered since Testo is performed on the system. In this method a zone bag is 
placed inside the duct through a register that is preferably located in the middle o f the 
main supply duct (fig 3.1). Thus, the duct is divided into two main sections H (upstream 
of ZB), a high pressure zone and L (downstream of ZB), a low pressure zone. The 
register is then closed by the Zone bag assembly as discussed in section 3.1.2. It is 
assumed that the measured supply plenum pressure difference (A P sh ) represents the leak 
pressure in the entire section H and the measured pressure difference by the probe 
installed at the pressure tap in the Zone bag assembly represents the leak pressure in the 
entire section L (A P s l ) .  The zone bag is then inflated using compressed air and the 
pressure (APsli) is monitored .When the pressure difference (APsii) is less than 5 Pa, 
inflating the zone bag is stopped.Then the flow meter is readjusted to maintain the target 
supply plenum pressure (APsy) (i.e., 25 Pa). The new flow through the calibrated fan Qg 
and the new pressure difference in section L (APsii) is recorded. The leakage in section L 
( Q s l )  is then determined by calculating the product of the flow difference A Q f (Q f,2- Q f,i)  
and the correction factor from equation 5 . Also the leakage in section H is determined by 
taking the difference between the leakages in section L and total leakage.
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Figure 3.3 Potential sequence of tests applied on ADSI
This procedure is repeated to cover the required duct sections as shown in the figures 
3.3 and 3.4.The order o f the tests shown are only an example for the local leakage 
estimation in the supply side. If the leakage in section H is higher than the leakage in 
section L (Testi of Figure 3.3), only Tests and Test4 will be performed since it is not 
required to know the small leakage in section L where sealing of ducts is not a cost 
effective one. To calculate the energy losses, the local leakages measured at the test 
pressure has to be converted to the operating pressure. The test pressure in location H is 
the target pressure (25 Pa) but it is the measured APsli (close to 25 Pa).Therefore it is 
necessary to measure the operating pressure at the leak locations. The operating pressures 
at the plenum are measured by inserting a pressure probe through a small hole made in 
the plenum. A pressure pan is used to determine the operating pressures in the registers. 
The operating pressures at potentially inaccessible intermediate connections should be 
estimated from a close accessible location.
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Figure 3.4 Potential sequence of tests applied on ADSII
Thus, the leakage at operating conditions can be determined by the following:
Leakage at opearting pressure = Leakage at test pressure ■
 ^Operating presssure  ^ (3 6)
Test pressure
where n is the pressure exponent and assumed to be 0.6(Francisco et al, 2002b) from 
various studies.
3.1.4 Scopes
Zone Bag based Technique has several advantages. They are
Local leakage estimation: Estimation of the local leakage can help in prioritizing the 
duct repair efforts to concentrate on more leaky locations. It also provides a good 
alternative for estimating either the leakage to outside or to inside, without the need to 
perform the house-duct pressurization tests simultaneously.
Robustness: The proposed technique has almost no restrictions on the type o f system it 
can be used on, or the weather conditions during the test.
Simplicity: The results are easy to interpret without performing tedious calculations. 
Precision: The accuracy o f determining the leakage rate at an artificial pressure (e.g.25
19
R e p r o d u c e d  with p e r m is s io n  o f  t h e  co p y r ig h t  o w n e r .  F u r t h e r  r e p r o d u c t io n  p ro h ib i ted  w i th o u t  p e rm is s io n .
Pa) is high. Duct pressurization test suffers from large uncertainties when converting the 
leakage to the operating pressure. The proposed technique reduces this uncertainty 
significantly by estimating the local leakages and providing the opportunity to use 
directly the measured or estimated operating pressures for these known locations. 
Familiarity: Contractors who have performed envelope leakage tests or duct 
pressurization tests can be easily made familiarized with this technique as the equipment 
and calculation/interpretation methods of the results are similar.
3.2 Baseline
The proposed ZBT was validated using a baseline technique developed at ADLL. The 
baseline technique estimates the local leakage hy virtually breaking up the duct into 
smaller segments and obtains the leak rates in each of them individually (Gundavelli.R, 
2007).The ducts were isolated by using zone hags to completely block the flow through 
that segment. Zone bags are commonly used in duct cleaning process to isolate or block 
the section o f ducts to make the job easier and more manageable. Additional leakage 
levels for the baseline technique were tested hy introducing artificial leaks by making 
holes on the register in existing air distribution systems. The data obtained from the 
proposed technique (ZBT) was also compared with the existing total air measurement 
techniques like duct pressurization method and Delta Q method at ADLL.
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CHAPTER 4
CED MODELLING OF DUCT DEFORMATIONS USING STAR-CD 
To complement the experimental work and add a depth to other unwanted effects of 
bad air duct distribution practices in residential homes an effort is made to look at 
pressure losses due to unwanted duct deformations in the flex duct system commonly 
used in house central air conditioning systems. The CFD work embarked on here will 
shed some light on these pressure losses with “ideal” duct installations and “deformed” 
duct systems for comparison purposes. This chapter is designed to give an insight about 
the simulation models and the simulation package used for this work.
4.1 STAR-CD
Computational fluid dynamics has emerged as a powerful simulation technique that 
gives the details about the fluid flow and heat transfer o f a given system with reasonable 
accuracy. The frequent occurrence o f such phenomena in industry and the environment 
has ensured that CFD is now a standard part of CAE capabilities. It is a cost effective 
way to try to understand some of the underlying physical behavior o f air flow problem in 
general air duct systems. With slight modifications in the numerical model, a range of 
configurations can be analyzed and different parameters varied if  needed. A number of 
commercial codes are available. Some o f them are STAR-CD, Fluent, ANSYS, and 
PATRAN etc.
21
R e p r o d u c e d  with p e r m is s io n  o f  t h e  c o p y r ig h t  o w n e r .  F u r t h e r  r e p r o d u c t io n  p ro h ib i ted  w i th o u t  p e rm is s io n .
The STAR-CD solver used here provides one o f the most effective numerical 
methodologies available in an industrial CFD code with the high level o f accuracy 
needed for complex unstructured meshes. This is delivered with the speed, efficiency and 
robustness demanded by engineering design and development cycles. STAR operates by 
solving the governing differential equations o f the flow physics hy numerical means on a 
computational mesh. The solver provides numerical model solvers for both steady state 
and transient simulations. Some of the modules available in STAR CD are Pro-STAR, 
Pro-SURF and Pro-am. Pro-STAR is a Graphical User Interface (GUI) driven pre/post­
processing environment that delivers the most advanced set of tools developed for CFD. 
Pro- SURF is a surface preparation module which converts the CAD surface and curve 
data into a surface mesh which captures all features and resolves the various geometric 
shapes. The pro -STAR auto mesh module or Pro-am provides a powerful meshing 
environment and a wide range of tools for other mesh repair needs. The type o f flow 
phenomena currently represented in STAR CD includes steady and transient; laminar and 
turbulent; incompressible and compressible; heat transfer and etc. The mass and 
momentum conservation equations are solved by STAR-CD for general incompressible 
fluid flows in Cartesian tensor notation. Star CD offers extensive capabilities for viewing 
the results of the CFD analysis. Results can be viewed graphically or generated in the 
form of data tables. The graphical output can be generated in the form of vector plots, 
contour plots, particle traeks, graphs ete.
4.2 Model Description 
This section explains about the CFD models that were created and used for the fluid 
flow simulation to determine the flow parameters for the deformations observed in the
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ducts. The section here describes the modeling methodology for the numerical models 
and running of these models for the specified conditions. All the models were simulated 
for the ducts of diameter 8”. The 8” diameter was chosen as it was one o f the 
representative sizes o f HVAC ducts in residential buildings. The assumptions used in the 
simulation are stated here. These assumptions hold good for all the models.
• The inner surface of the duct is assumed to be smooth and with no slip conditions.
• The flow is eonsidered to be isothermal (293K), ineompressihle and turbulent.
• The inlet velocity is assumed to be uniform in the axial direction only.
• The molecular properties of the fluid are standard air properties (Table 4.1).
• The ambient pressure is 0 Pa gauge and was applied at the outlet o f the models.
This was aceeptable because the fluid is treated as an ineompressihle fluid not
being affected by any temperature or pressure changes.
Four different types o f duet runs were considered and they were simulated with 
deformation and without deformations on the duet walls. They are
1. Duet with a straight run
2. Duct with a U-shaped run
3. Duct run with a wye-connection
4. A straight duct with sag
The duct with a straight run was designed so that the deformation was seen in the 
middle of the duct run (Figure 4.1) .For duet with U shaped run the deformed regions are 
defined on both the legs o f the duet (Figure 4.2) .The duct run with wye eonnection is a 
diverging flow connection with an inlet diameter o f 8”. The diverging branehes o f the
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wye connection have an outlet diameter of 6”(Figure 4.3). Maximum sag allowed in 
flexible duct is duct is 16" per foot of spacing between supports where the duct should he
Non defo im ed
60"
X s .
diam eter -
■ *-; ■! ■■ Deform
kZ defoim ation  4  '
#0IIBNM9M0IINNN0NN0&@96Là:
W ^^N ggggggggM N M
(a) Non deformed (b) deformed
Figure 4.1 Straight duct run
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Figure 4.2 Duct with U shaped run
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Total len 
end ot
gth 84" from inlet to ; 
each  lea  run
(branch C dia 6"
blanch B dia 6"
Deformed
deformation
deform ation
inlet dia 8"
(a) Non deformed (b) Deformed
Figure 4.3 Duet run with wye fitting
I Max permissable sag(112 per foot)
T -
|ToW length 60"
Sag 16" per foot
Sagging duct
Sag 1” per foot
Figure 4.4 Straight ducts with sag
supported at no greater than 60”.Therefore the straight duct with sag for the deformed 
model is defined to have sag o f 1” per foot as opposed to the recommended value o f 16” 
per foot (Figure 4.4).
All the models are created using pro-E design software and the model geometries 
were imported into pro-SURF module to check for surface errors and any surface repair
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numerically if  needed. The surfaee of the model was then triangulated using an inbuilt 
funetion in proSURF.The model checked for its surface was imported to the pro-am 
module where the volume mesh was generated (Figure 4.5). Trimmed eells were used for 
generating volume mesh, pro-am also provide tools for refining the eells. Cell quality 
checks were performed on the generated volume mesh.
Table 4.1 Molecular properties of fluid
Density 1.205 kg/m^
Molecular Viscosity 1.81e-05kg/ms
outlet
deform ation
Figure 4.5 Model with trimmed cell volume mesh for simulation
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The high Reynolds k-e model was used for CFD simulation of all the duct models. 
Parameters of the k-s high Reynolds number model are mentioned in Table 4.2. The 
turbulent kinetic energy k and turbulent dissipation s were assumed to he 0.00372 and 
0.0377 respectively. These values were assumed based on the STAR CD user manual and 
tutorials.
Table 4.2 Coefficients of the standard k - e  turbulence model
CTe (Jh Cel Cd Cc, Cs4 K E
0.09 1.0 1.22 0.9 0.9 1.44 1.92 1.44 -0.33 0.419 9.0
Five different values o f Reynolds numbers were simulated for all the models, i.e., 
27000, 41000, 55000, 69000 and 82000 to simulate a variety o f flows that are possible in 
residential air distribution systems. These correspond to inlet velocities of 2m/s to 6m/s 
which are representative of the typical velocities in residential HVAC ducts. The default 
algorithm SIMPLE was used for solving the simulation. All simulations were done in 
steady state condition. A convergence tolerance o f 1.0 X lO'"* was applied.
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CHAPTER 5
RESULTS AND DISCUSSION 
This chapter provides a detailed overview o f the experimental test results and the 
CFD simulation results studied in this thesis.
5.1 Experimental Test Results 
Experimental studies were conducted on the air distribution systems ADSI and 
ADS2 at the ADLL. The tests using Zone Bag based Technique were done as described 
in section 3.1.4 for both systems (Figure 3.5 and 3.6) To find the accuracy of the 
proposed technique, the results of the technique are compared with the baseline technique 
developed in ADLL and with the existing techniques such as duct pressurization test and 
Delta Q method. The baseline technique was used to find the actual local leakage rates in 
both ADSI and ADS2 (Gundavelli R, 2007).
The local leakage rates measured by the baseline and proposed techniques for the 
supply side of the air distribution systems ADSI and ADS2 were tabulated in table 5.1. 
Owing to the small length o f the return duct, the return side was treated as a single 
section and the aggregate return side leakage (not local) was determined. The agreement 
between the two values is very good. The results from the tests conducted on both the air 
distribution system which has flow rate of SOOcfm (ADS I) and 720 cfm(ADS II) showed
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that the proposed teehnique provides an aeeurate estimation of the loeal leakage rates 
with good repeatability.
Table 5.1 Local leakages in different duct sections
PL R1 R2 R3 R4 Y1 Y2 Y3
% leak o f air in 
A D SI
Proposed
teehnique
2.1 1.84 2.13 0.51 1.28 0.24 0.26 0.11
Baseline
2 1.78 2.04 0.54 1.44 0.15 0.25 0.06
% leak o f air in 
ADS II
Proposed
technique
1.82 1.96 1.18 1.03 1 0.18 - -
Baseline
1.96 1.94 1.15 0.9 0.99 0.25 - -
Incomplete crimp joint
Figure 5.1 Leak hole in the supply plenum
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By visual inspection it was found that the leakage in registers SRI (ADS2) and SR2 
(ADSI) were due to a wide space left between the lateral face o f the boot and the dry 
wall. Sealing the accessible leaks in supply registers SRI and SR2 for ADSI would 
reduce the total leakage from 8.4% to 4.5% (3.9% reduction in the total leakage). A high 
leakage rate was also found in the supply plenum. A still image o f the leak in the supply 
plenum was captured using a visual inspection device shown in figure 5.1. The visual 
inspection device is a high resolution color camera head eonsisting of six LEDs with 
diffusers and 25-foot reinforeed vinyl insertion cable. It was evident that the leakage was 
due to an incomplete crimp joint.
Identifying the location and nature o f the leakage may he particularly important for 
selecting an appropriate method to try to mitigate some of these leaks cost effectively. 
Repairing leaks both at the supply plenum and the registers SRI and SR2 will reduce the 
total leakage from 8.4% to 2.5%. Sinee these locations are accessible, the sealing can be 
aehieved easily without spending considerable time (low cost). It can be eoneluded that 
for this particular case, the proposed technique may be considered to be a eost-effeetive 
way to find the leaks and repair them. In general, the proposed technique can identify the 
leak loeations to faeilitate the repair job. It also provides an opportunity to foeus efforts 
on loeations that have greater problems whieh may lead to the energy losses and reduee 
the time required for duct repair.
In addition, the local leakage rates in the supply side determined by the baseline 
technique were added to find the baseline total supply leakage. This total leakage was 
eompared with that estimated by the proposed technique (sum o f all loeal leakages) and 
other techniques such as the Delta Q and duct pressurization test. The Delta Q test was
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applied only to ADS2 because the soffit that house the ducts was sealed tightly so that all 
leakage from the ducts was only to the outside. This was not the case for ADS 1 (some 
part o f the leakage was to inside), therefore the results from Delta Q test were not 
comparable with the results from the proposed and duct pressurization tests on ADS 1. In 
addition, since the return duct was located inside the conditioned space, the actual 
leakage in the return side was considered leakage to inside. Thus an artificial leakage to 
the outside was created using PVC tubes (one located in the return plenum and another in 
the boot o f the return grill), driving a portion of the leakage air to the outside. Due to 
these effects, only the leakage in the supply side (leakage to outside) can be compared 
and thus presented in Table 5.2. The total supply leakage determined hy the duct 
pressurization test was calculated using half of the plenum pressure technique (ANSI/ 
ASHRAE standard 152-2004). For Delta Q technique, the supply and return pressures 
were fitted with the data (ASTM standard E 1554 -  03).
Table 5.2 Total supply leakages measured by the investigated techniques
Baseline
technique
Proposed
teehnique
Duct
pressurization
test
Delta Q 
teehnique
% of supply side total 
leakage (ADS I)
8 .4  % 8 .2  % 13% -
% of supply side total 
leakage (ADS II)
7 .2  % 7% 9.3% 6.1%
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As indicated in Table 5.2, the proposed technique provides better estimation of the 
total leakage when eompared to the duct pressurization technique as the loeal operating 
pressures are ineorporated in the calculation instead of half of the plenum pressure. In 
addition, the proposed technique estimated total supply leakage more aceurately 
compared to Delta Q test for these two investigated systems. The duct pressurization test 
overestimated the leakage because using half o f pressure does not really represent the 
pressure across the leaks along the duct (high leakage was found in the registers and low 
leakage in connections). In these particular systems, it appears that using one third of 
plenum pressure yields better results. Since the majority o f the duct leaks in ADSI are at 
low pressure locations, such as registers, very high supply leakage will result from using 
the duct pressurization test.
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Figure 5.2 Comparison o f known total supply leakages from holes with those 
measured hy investigated techniques applied on ADSII
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A comparison o f the proposed technique, duct pressurization technique and the Delta 
Q method for the measurement o f known leakage from the holes for ADS2 is shown in 
Figure 5.2.The number o f holes kept open represents the amount o f supply leakage in the 
system. The leakage is altered by altering the holes in the registers whereas the leakage in 
the plenum and the wye connection is kept unchanged as measured from the baseline 
teehnique. The Mean absolute difference (MAD) which is indication o f scatter was 
observed to be 0.3 % for the proposed technique whereas it was 2.11% for duet 
pressurization technique and 1.32% for the delta Q technique. Also the mean difference 
(MD) whieh represents the bias of the values shows -0.27% for proposed technique, 
2.11% and -0.91% for duct pressurization method and Delta Q respeetively. The eurrent 
duct pressurization technique which uses half o f plenum pressure overestimates the total 
leakage beeause the leakages are located in the low pressure location in the system such 
as at the registers and half of pressure plenum is too large to represent the actual pressure 
at which the leaks are located in the system. It is also observed that the Delta Q method 
under estimates the leakage since the pressure values are obtained by fitting the pressures. 
These results show that the proposed technique not only provides accurate information 
about the leak loeations but also provides a better estimation o f the aetual total supply or 
return leakage in order to focus efforts on leaky homes and their leakiest locations.
5.2 CFD Simulation Results 
The pressure drop values o f the duets with deformation and without deformation was 
predicted using STAR CD, a CFD code whieh was used to predict the air flow and the 
pressure distribution for the duct geometries sueh as a duct with a straight run, a duct
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with a U shaped run, a duct run with wye fitting and a duct with sag, over a range of 
Reynolds numbers .The results for these geometries are presented in this section.
5.2.1 Grid Independency Results 
The CFD models created were checked for its grid independency .Grid independency 
was done to check whether the grid sizes have any influence on the solution. It was 
studied by increasing the number o f grids in the model and resolving them. Then the 
solution from the models having different grid numbers is compared. If the difference 
between solutions of the two different grids is smaller than 2-3% then the one to the last 
finest grid size can be used for obtaining the remaining solutions.
Grid Independency
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Normalised distance along the width of the duct
Figure 5.3 Grid independency tests on Y component o f velocity
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For the current model the grid independency tests were carried out for the Y 
component o f velocity along the width of the duct at a distance o f 48” from the inlet of 
the air flow( Figure 5.3). The coarse grid had about 80000 cells and the finest grid about 
300000 cells. It was found that the average variation in the velocity component in the Y 
direction along the width of the duct was not more than 0.005% fi*om fine grid (200000 
cells ) to the finest grid. Therefore the fine grid with about 200000 cells was considered 
to be sufficient for all the numerical calculations.
5.2.2 Prediction o f Pressure Loss Coefficients
Whenever a change in area or direction occurs in a duct or when the flow is divided 
and diverted into a branch, substantial losses in total pressure may occur. These losses are 
usually o f greater magnitude than the losses in the straight duct and are referred to as 
dynamic losses. (Me Quiston, 2005).A dimensionless coefficient is used to
characterize flow resistance in duct air flow fittings. The flow resistance coefficient Cq 
represents the ratio o f total pressure loss to velocity head at the referenced cross section 
(ASHRAE fundamentals, 2005).
(5.1)
Where Q  is the pressure loss coefficient, dimensionless.
APg is the total pressure loss, in Pascals.
Vg is the average velocity in meters per second.
The objective o f the CFD simulation is to obtain the pressure loss coefficients for the 
duct systems with deformations and without deformations by predicting the pressure drop
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data over a range of Reynolds numbers. This is meant to highlight the effects of poor 
installation practices o f air ducts and their fittings especially in the residential market 
where a lot of the ducts use the “Flexduct” air distribution systems. CFD results in this 
study have shown that the pressure and velocity profiles for same geometric model 
considered are similar over a range o f Reynolds numbers considered (i.e 27000 to 
82000), the discussions on the various geometric model results presented here will be 
limited to the Reynolds number 55000 results unless otherwise specified.
5.2.2.1 Duct with Straight Run 
Figure 5.4 shows the axial sectional view of the pressure distribution along the length 
o f the non deformed straight duct. The inlet velocity was given as 4 m/s (ie Re 55000) 
and the outlet was defined as a pressure boundary with an atmospheric pressure 
condition. The total pressure along the length o f the duct drops as expected owing to the 
frictional loss o f the duct. Figure 5.5 shows the pressure distribution o f a deformed duct 
for a straight run and with the same inlet velocity as the non deformed duct. The decrease 
in static pressure was immense after the air passed through the created deformation of the 
duct.
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Figure 5.4 Pressure distributions along the length of the non deformed straight duct
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Figure 5.5 Pressure distributions along the length of the deformed straight duct
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This deformation could be created due to the squeezing of that straight run through 
narrow truss openings and hence crimp the flow area for that duct flow. The region 
before the deformed section had higher static pressure compared to the non deformed 
duct run which had a gradual drop in static pressure as the flow was not fully developed. 
The total pressure drop data was obtained by calculating the pressure at the inlet and 
outlet sections of cells by area averaging the cells lying in that particular section and 
taking the difference of the pressures.
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Figure 5.6 Pressure loss coefficients for non deformed and deformed ducts with
straight run
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The predicted pressure loss data is used in equation 5.1 to obtain the pressure loss 
coefficients. Figure 5.6 shows the calculated pressure loss coefficients for different 
Reynolds numbers. The predicted values of pressure loss coefficient varied from 
0.14(non deformed) to 0.28 (deformed duct) .This is two times greater than the non 
deformed duct. The increase in the Reynolds number resulted in the decrease o f the 
pressure loss coefficient. The decrease in pressure loss coefficient exhibits the similar 
characteristics o f friction factor o f pipes where the values o f friction factor decreases 
when Reynolds number increases.
5.2.2.2 Duct with U Shaped Run 
Figure 5.7 and 5.8 shows the pressure and velocity profile o f a non deformed U 
shaped duct. Again here these deformations represent typical generic mishandling o f the 
flex ducts in the residential market. The static pressure is high at the curvature rather than 
the inlet of the duct. This is due to the force exerted on the wall of the duct due to the 
impinging of the air velocity. The velocity values dropped down at the outer radius o f the 
U duct . A small zone with negative pressure was observed near the deformation which 
was due to the recirculation region that was created due to the decrease in velocity along 
the inner radius of the walls. About 50% of increase in pressure was observed for the U 
shaped duct with deformation over the non deformed section (Figure 5.9). The trend for 
pressure loss coefficient was found similar to that o f the straight but the values of 
pressure loss coefficient were found higher than that o f the straight ducts.
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Figure 5.7 Pressure distributions in non deformed U duct run
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Figure 5.8 Velocity profile for non deformed U duct run
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Figure 5.9 Pressure distribution in U duct run( deformed)
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Figure 5.10 Velocity profile for U duct run (deformed)
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Figure 5.11 Pressure loss coeffieients for non deformed and deformed ducts with U
shaped run
5.2.2.3 Duct Run through Wye Fitting 
When considering the lost pressure in divided flow fittings, the loss in the straight 
through section as well as the loss in the branch outlet must be considered (Me Quiston, 
2005).Since the air flow is divided in the wye section with single inlet and two outlets the 
pressure loss coefficient for the complete run of the duct with wye fitting was calculated 
using the following relationship:
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( 5 . 2 )
^0
Where C„ the pressure loss coefficient in the branch n 
is the average velocity in the branch n.
Vq is the average velocity in the o f the inlet.
The amount of flow in both the branches of the wye section was altered and defined 
as a percentage o f inlet flow. For our studies a flow percentage o f 40%, 50% and 60% of 
the inlet flow were chosen. The inlet main duct was named A and the outlet branches 
were branch B and Branch C. Initially the flow was divided equally on both the branches 
B and C owing to 50% flow in each branch. Then the flow in branch B was altered to be 
40% and 60% of the inlet flow whereas the branch C was 60% and 40% in such a way to 
complement the flow in branch B, respectively. Pressure distributions and velocity profile 
for 50% flow in branch B and branch C in non deformed and deformed ducts are shown 
in figures from figure 5.12 to figure 5.15.
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Figure 5.12 Pressure distributions in non deformed duet run with wye fitting
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Figure 5.13 Velocity profile for non deformed duct run with wye fitting
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Figure 5.14 Pressure distribution in deformed duct run with wye fitting
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Figure 5.15 Velocity profile for deformed duct run with wye fitting
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At the diverging section o f the fitting a low velocity profile is observed in both 
deformed and non deformed duct runs creating a recirculation zone in that section. This 
results in velocity pressure decrease thus decreasing the absolute total pressure. Also this 
may lead to static regain in that region .Figures 5.15(branch B) and 5.16(branch C) shows 
the variation in pressure drop coefficient for different amount of flow in the duct 
configuration for deformed and non deformed ducts over a range o f Reynolds number.
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Figure 5.16 Pressure loss coefficients for different Reynolds numbers and different 
amount of flow for deformed and non deformed duct runs with wye fitting in branch B
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It was observed from the plots that for increase in the amount o f flow in the branch as 
a percentage of the inlet flow, the pressure loss coefficient decreases. This may be due to 
the increase in pressure drop due to the increase in the velocity.
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Figure 5.17 Pressure loss coefficients for different Reynolds numbers and different 
amount o f flow for deformed and non deformed duct run with wye fitting in branch C
The pressure loss coefficients were observed very high in the branch B compared to 
the branch C because branch B appears to make an angle almost 180 degrees with respect 
to branch A whereas the branch C appears to be a straight through (though it is slightly
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angled) section without making such an angle. The angle o f the branch take off has a 
great influence on the loss coefficient (Me Quiston, 2005).
5.2.2.4 Sagging Ducts 
SMACNA recommends that metal hangers or support straps must be used within one 
foot of the connection and within 2 ft for a straight duct. The maximum allowable sag is
o u tle t A inlet
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Figure 5.18 Pressure distributions for standard allowable sag (1/2 “ per foot) in duct
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Figure 5.19 Velocity profile for standard allowable sag in ducts
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Figure 5.20 Pressure distributions due to sagging ducts
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Figure 5.21 Velocity profile for sagging ducts
Vi' per foot .The pressure loss in sagging ducts was due to the force exerted on the inner 
radius o f the walls facing the inlet o f the air flow .The increase in sag increases the 
contact area for the air stream. This can be observed from the velocity profiles from the 
figures 5.19 and 5.21. Figure 5.22 shows the pressure loss coefficients for the ducts with 
increased sag and allowable sag.
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Figure 5.22 Pressure loss coefficients for sagging ducts.
The pressure loss coefficients follow the same trend like the other models. Also the 
pressure loss coefficients observed shows that the pressure drop in ducts with increased 
- sag is twice the time than that o f the allowable sag in flexible ducts.
5.2.3 Correlation to Determine Pressure Loss Coefficients in Wye Fitting 
An additional parametric study was done on the wye fitting used in this study to try to 
obtain a sense o f how the Co behavior for that fitting behaves with other data provided in 
the literature. This was done by obtaining the Co values based on the total pressure drop 
losses in that portion of the fitting. An attempt was made to compare trends o f the current 
results to those that maybe found in the literature to gain more confidence in the 
numerical results. The numerical data was obtained directly from the previously 
completed simulation runs but with the pressure drops estimated for the section that
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constitutes the fitting rather than the fitting connected to the duct sections upstream and 
downstream of that fitting.. The total pressure values were calculated by area averaging 
the pressure across that particular section o f the Inlet (branch A) and the two outlets
brunch C : ' branch B p r o - S T A R  3 .2
2 4 - J u l - 0 7  
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REL T O  P R E F  
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Figure 5.23 Pressure distributions in the wye fitting (SR 0.5)
(branch B and branch C).The amount of flow in the branch of fittings was varied between 
0.2 and 0.8 as a percentage of inlet flow. Figure 5.25 and Figure 5.26 show the pressure 
loss coefficients for the branch B and branch C respectively, over a range of Reynolds 
number from 27000 to 82000.
It was observed that the pressure drop coefficient values in branch C o f the fitting is 
smaller when compared to branch B of the fitting, a similar characteristic seen in the duct 
run with wye fitting. But the trend seems to increase for the variation of Reynolds 
number as opposed to the trend observed in the duct run with the fitting. This may be due 
to the very low increase in pressure drop for increase in the Reynolds number in the 
fittings.
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Figure 5.24 Velocity profile o f the flow in the wye fitting (SR 0.5)
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Figure 5.25 Pressure loss coefficients for branch B of wye fitting
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Figure 5.26 Pressure loss coefficients for branch C o f wye fitting
Every model studied in this analysis shows that the pressure loss coefficient is a 
function o f Reynolds number. But the database for duct fitting coefficients follows a 
single value for all Reynolds number which may be a design concern. So efforts were 
made to find a correlation between the pressure loss coefficient as function o f Reynolds 
number and percentage o f flow in the branch fittings. Based on the pressure loss 
coefficients obtained a regression analysis was done on the data and the following 
correlations were obtained.
For branch B,
C = 0.0097*(Re^ 0.252)* (SR''-1.551 ) (5.3)
For branch C,
C = 0.00021 *(Re^0.514)*(SR''0.964) (5.4)
Where C is the pressure loss coefficient
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Re is the Reynolds number and
SR is the split ratio i.e., the amount o f flow in the branch as a percentage o f the inlet 
flow.
This correlation helps in determining the pressure loss coefficients for different 
Reynolds and different flow for an area ratio of the branch outlet to main duct (inlet) 
fitting of about 0.5, which can help in improving the pressure drop estimation in these 
types o f fittings close to the diameter ratio between branch and supply duct for typical 
residential HVAC systems.
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CHAPTER 6
CONCLUSIONS
6.1 Experimental Work 
A new proposed technique for estimating the local and total leakages in residential 
buildings was developed. The technique was validated in ADSI and ADSII at Air Duct 
Leakage Laboratory by comparing with the baseline technique developed for this 
purpose. The technique produces relatively small scatter when compared with the 
baseline technique so it can be inferred that the proposed technique estimates the local 
leakage accurately. The proposed new technique was helpful in identifying the local leak 
locations for retrofit purposes. Results found that the leakiest location is in the registers 
SR2 in ADSI and SRI in ADS2. Sealing one o f that location can be very simple and 
reduces the total leakage by about 2% of total supply air flow. Also comparison for total 
leakage rate was done with duct pressurization and Delta Q method. The results showed 
that the proposed technique gives good estimation of the total leakage. This is because 
the proposed technique used the operating pressure to measure the leakage as opposed to 
the half plenum pressure used in duct pressurization method. Visual inspection along 
with the proposed technique can be used to provide a visual picture o f the leaky parts of 
the duct. The location and the nature o f the leak may be particularly important for 
selecting the right type o f sealant. This main advantage o f the proposed technique over
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other technique is finding the local leaks in a duct system and identifying the leakiest 
location.
6.2 CFD Simulations
Pressure loss coefficients for four different geometry configurations of duct and duct 
fittings with deformation and without deformation were predicted and compared over a 
range o f Reynolds number from 27000 to 82000 using the CFD code. The following 
results were obtained:
• It was found that the pressure drops in deformed ducts are twice higher than 
that of the non deformed ducts for the same model.
• The pressure loss coefficient varied with Reynolds number while those listed 
in the literature showed no such effect (Me Quiston, 2005). For the Reynolds 
number range from 27000 to 82000 the pressure loss coefficient value for the 
non deformed geometries varied from 0.16 to 0.12 (straight run),0.58 to 0.5 
(U shaped run ),0.18 to 0.14 ( allowable sag) and for deformed geometries it 
varied from 0.32 to 0.26(straight run), 0.93to 0.82 (U shaped run) ,0.34 to
0.28 ( sagging duct).
• The pressure loss coefficient decreased with increasing Reynolds number.
• When the ratio between the amount o f flow in the branch duct over the main 
duct was increased, the pressure loss coefficient seems to decrease similar in 
trend to what has been presented in earlier works (ASHRAE ,2005)
• Correlations to find the pressure loss coefficient as a function of Reynolds 
number and the ratio o f amount o f flow in the branch duct were obtained for
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two different branches o f the wye fitting over a wide range of percentages of 
branch to total flow. The correlations which showed a high correlation factor 
of 0.93 for equation 5.3 and 0.96 for equation 5.4 show that a linear relation 
exists for the Re number and split values as shown in equations 5.3 and 5.4.
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